Effect of graphite content on the tribological behavior of Al/2SiC/Gr hybrid nano-composites processed via mechanical milling
Introduction
Aluminum matrix composites (AMCs) reinforced with hard ceramic particles due to their high specific strength, good wear resistance and low coefficient of thermal expansion have attracted considerable attention in industries [1 -5] . Zhai et al. reported the decreased wear rate of Al/Mg 2 Si composites with increased volume fraction of Mg 2 Si particles [6] . Sahin and Acilar [7] noticed a significant increase in the wear resistance of Al/SiC composites produced by vacuum infiltration with up to 10 % SiC addition. However, the presence of hard ceramic particles in AMCs may result in deteriorated machinability together with rapid counterface wear [8 -10] . On the other hand AMCs reinforced with soft ceramic particles such as graphite (Gr) exhibit improved machinability [11, 12] as well as low friction and wear [13 -15] , excellent antiseizure effects [16] , low thermal expansion and high damping capacity [17] . The improved tribological properties of these self-lubricating composites are attributed to the formation of a thin layer of Gr on the triob-surface which prevents metal to metal contact [13 -15] . However, some reports indicate that the presence of Gr may be accompanied by decreased fracture toughness and hardness of Al/Gr composites [17] .
To overcome the above-mentioned problems, hybrid composites containing both hard and solid lubricant materials have been developed that exhibit improved tribological properties [18 -21] . Vencl et al. [21] studied the tribological behavior of Al356/SiC/Gr and Al356/Al 2 O 3 /Gr hybrid composites using pin-on-disk wear tests and reported the lower wear rate and friction coefficient values for both hybrid composites as compared with those composites with no graphite addition. However, for gaining the best performance, the content of solid lubricating particles as well as that of the hard ceramic particles in the hybrid composites should be optimized. For example it has been reported that among the Al/30SiC/Gr hybrid composites containing 0 -13 % of graphite particles, the Al/30SiC/9Gr composite exhibited the best tribological properties [18, 19] . Suresha and Sridhara [20] fabricated Al/SiC/Gr hybrid composites containing equal percentages of SiC (10 -20 lm) and graphite (70 -80 lm) and demonstrated the influence of the contents of the reinforcing phases on the tribological behavior of Al/SiC/Gr hybrid composites.
Recently nonocomposites have attracted a lot of attention due to their unique properties. The mechanical properties of these AMCs are superior as compared to micro-metric dispersion strengthened AMCs with a similar volume fraction of particulates [22] . These hybrid nanocomposites, as a new generation of composite materials, exhibit substantial increase in the strength combined with improved ductility as compared with their counterparts containing micron sized particles [2] . Ravindran et al. [23] studied the tribological behavior of Al2024/SiC/Gr hybrid nanocomposites. The size of the SiC and graphite used was 100 nm and 45 -50 nm respectively. They showed the influence of the percentage of reinforcements, applied load and the sliding distance on the wear rate of those hybrid nanocomposites.
The uniform distribution of reinforcing particles throughout the matrix is a key factor required for obtaining the desired mechanical properties of composite materials [24] . Mechanical milling is a useful method for fabrication of nanocomposites with a uniform distribution of nano-particles in the matrix alloy [25] . This method is also capable of generating nanocrystalline materials with high thermal stability [26] . Mechanical milling has been utilized as a useful method for improving the reinforcement particle distribution in microcomposites [27, 28] as well as nanocomposites [29, 30] .
There are a number of papers describing the role of graphite content on the tribological properties of Al/SiC/Gr hy-brid composites containing micron-sized SiC and graphite particles [9, 18, 31] . As was mentioned before, during the wear tests, graphite particles must be detached from the matrix alloy and cover the sliding surface to form a low friction tribolayer. On the other hand, SiC particles in such composites increase the hardness and stiffness, thereby improving the tribological properties. Therefore, the hard SiC particles must remain in the matrix material at the sublayers underneath the wearing surface. Otherwise their transfer to the contact surface may cause abrasion of both the contact surfaces.
In the present study, Al/2SiC composite powders with embedded nano-sized SiC particles were initially processed via mechanical milling. Then a conventional P/M process route was utilized for processing of Al/2SiC/Gr hybrid composites by using Al/2SiC composite powders and different percentages of micron-sized Gr particles. The effect of Gr content on the tribological properties of these hybrid composites was investigated and compared with those of their counterparts prepared by using micron-sized SiC particles [18] .
Experimental procedures
Nitrogen gas-atomized Al-6061 powder particles (38 -63 lm), having the nominal chemical composition as given in Table 1 were co-milled with 2 vol.% of nano SiC particles (25 -50 nm, Plasma-Chem Co. Germany). A typical transmission electron microscope (TEM-Philips CM30) micrograph of the nano SiC particles is shown in Fig. 1 . Milling was performed in argon for 20 h using a laboratory planetary ball mill (PM-2400), a hardened stainless steel vial and hardened steel balls (10 mm) [32] . The ball to powder weight ratio and rotational speed were 15 : 1 and 300 rpm, respectively, and 1.5 wt.% of stearic acid was used as the process control agent (PCA). Aluminum powder without silicon carbide addition was also processed under identical conditions to serve as the reference material.
The Al/2SiC nanocomposite powders (milled for 20 h) were mixed with 0, 2, 5 and 7 vol.% of micron-sized graphite (Gr) powder particles (53 -63 lm) and subjected to milling for 15 min under the same milling conditions. A typical scanning electron microscope (SEM -Hitachi S-2700) micrograph of the used graphite particles is shown in Fig. 2 . The resultant powder mixtures were cold pressed at a constant pressure of 750 MPa in a steel die on a single acting 45 t hydraulic press, while graphite was used as the die lubricant. Dimensions of the compacts were 25 mm in diameter and 15 mm in height. Green compacts were hot extruded at 500 8C, using a 45-tonnes hydraulic press at a ram speed of 36 mm min -1 with an extrusion ratio of 11 : 1.
Morphologies of polished surfaces of the composites were examined using SEM and TEM. Hardness measurements were carried out on a Rockwell-B hardness testing machine (Zwick, Roell ZHR), using a load of 100 kgf, and the mean values of at least five measurements conducted on different areas of each sample were considered. Dry sliding pin-on-disk wear tests were carried out according to the ASTM G99-05 standard on the composites and the unreinforced sample. The tests were performed under ambient laboratory conditions. The test material in the form of pins of diameter 8 mm and height 10 mm were slid against a rotating steel disk ( per and cleaned with acetone in an ultrasonic bath before each test. Wear tests were undertaken under a normal load of 50 N (resulting in a normal pressure of 1 MPa), sliding velocity of 0.5 ms -1 and sliding distance of 1 000 m. The wear track diameter was 13 mm. The weight loss was measured with an accuracy of 0.1 mg, and then converted to volumetric wear rate using the measured density of each material and the total sliding distance. The coefficient of friction measurements were made using a transducer to measure the deflection of the pin holder caused by the disk rotation. The system was calibrated by applying known tangential loads and noting pin deflections. The worn surfaces and debris were examined in the SEM.
Results

Microstructure and hardness of composites
Typical SEM micrographs of the polished surfaces of hot extruded Al/2SiC nanocomposite and Al/2SiC/Gr hybrid nanocomposites with different Gr contents are shown in Fig. 3 . 2SiC/2Gr nanocomposite. The variation in the measured hardness with the volume percent of Gr in the hybrid Al/ 2SiC/Gr nanocomposites is shown in Fig. 5 .
Tribological properties
The variations in the wear rate of hot extruded Al/2SiC/Gr hybrid nanocomposites against their Gr content is shown in Fig. 6 . In this figure the results of a study conducted on Al/30SiC/Gr hybrid composites prepared by using micronsized SiC particles [18] are also presented. It must be noted that the wear testing apparatus as well as the wear testing conditions such as the the pin material, applied pressure, sliding distance and sliding speed were identical for both the present study and that report. Due to the high hardness of the rotating steel disk and formation of a thin layer of Gr on the tribo-surface, metal to metal contact was prevented. Therefore, the wear rate of the steel disk was very low and we could not quantify it. The effect of the Gr content on the coefficient of friction of Al/2 vol.% nano-sized SiC contained composites is shown in Fig. 7 . Typical SEM images of the worn surface morphology and wear debris of Figure 4 also confirms that the SiC nanoparticles are homogeneously distributed in the Al matrix. The uniform distribution of the reinforcing particles contributes to improved mechanical and tribological properties of the composites. According to Fig. 3a-d , there is no evidence of the presence of pores or cracks in these composites. In fact the measured porosity levels of hot extruded samples were less than 0.3 % confirming the achievement of full densification for most of these samples. Figure 5 shows that the hardness of the nanocomposites is reduced almost linearly with their Gr content. These results are consistent with other reports [18 -20] and can be attributed to the presence of soft graphite particles that contribute in lowering the hardness of composites. The role of hard SiC particles in Al/SiC/Gr hybrid composites is to compensate this drawback and increase the hardness. It has been reported that the hardness of Al/ 3 vol.% Gr composites increases by 33 % after 30 vol.% SiC particle addition [18, 19] . In another report Suresha and Sridhara [20] found 13 % increase in the hardness of Al/2.5 wt.% Gr composites, after addition of 2.5 wt.% of SiC particles.
Wear rate
The results presented in Fig. 6 reveal that for both sets of experimental data, the wear rate of hybrid composites decreases with Gr addition up to a specific value and then increases. This trend has also been reported by other researchers for hybrid composites [13, 33] , and may be explained as follows: Two series of competing factors affect the wear rate of these hybrid composites. Firstly, the decreased wear rate with increased graphite content can be attributed to the combined effects of Gr and SiC particles in formation of a more resistant tribolayer or mechanically mixed layer (MML) on the contact surface. The thickness and the area of the worn surface which is covered by this layer are increased by increasing graphite content, and as a result, the wear rate is decreased. In fact graphite acts as a solid lubri-Int. J. cant material by smearing on the surface and generates a solid lubricant-rich film on the tribosurface. This graphiterich tribolayer prevents metal to metal contact at the sliding surface and reduces both the wear rate and friction [14, 19] . Secondly, as discussed previously, the fracture toughness, hardness, and ductility of these composite decrease as the amount of graphite addition increases [18] . Also the graphite particles may accelerate the rate of damage accumulation and hence deteriorate the wear resistance of material. According to Fig. 6 , the wear rate of Al/2SiC nanocomposite with no Gr addition is about 4.5 times lower than that of the composite containing 30 % of micron-sized SiC particles. The role of SiC particles in improving the wear properties of composites is to act as load-supporting elements and to reduce the plastic deformation at the subsurface, thereby reducing the formation of wear debris and enhancing wear resistance. However, as was mentioned before, the mechanical properties of nano-metric dispersion strengthened MMCs are far superior to those of micro-metric dispersion strengthened MMCs with a similar volume fraction of particulates [22, 34] . Therefore, the lower wear rate of the nanocomposites studied in the present investigation as compared with their counterparts is partially attributed to the presence of nano-sized, instead of micron-sized, SiC particles. In addition, as shown in Fig. 4 , mechanical milling of Al + SiC powder mixture in the present study, provided a uniform distribution of nano-sized SiC particles in a nano-crystalline (60 nm) matrix alloy [32] that contributed to the observed superior wear properties. Figure 6 also reveals that while in the hybrid composites containing 30 % of micron-sized SiC particles, 9 % graphite addition is required to achieve the minimum wear rate, the optimum amount of graphite content corresponding to the best wear properties of nanocomposites is only 2 %. These results can be explained as follows: During processing of Al/SiC composites by ordinary P/M routes, the micron-sized SiC particles occupy the spaces between the Al powders before consolidation. Therefore, these particles are located at the boundaries of Al powders in the consolidated samples. Consequently, depending on the quality of the interfacial bonding between Al and SiC, there is a great possibility for detaching the SiC particles from the matrix alloy and their transformation to the wearing surface. Therefore, stabilization of the tribosurface in the composite containing a large amount of micron-sized SiC particles, requires a relatively high percentage (i. e. 9 %) of Gr particles. However, when mechanical milling is utilized for processing of nano-sized SiC reinforced AMCs, the nano SiC particles are embedded within the Al powders and they cannot be removed easily during the wear test. Therefore, there is a low possibility for the presence of free SiC particles on the tribosurface and hence a relatively low amount of Gr particles in the hybrid composite (i. e. 2 % as in the present study) is adequate to provide a lubricating tribolayer on the wearing surface. According to Fig. 6 , the Al/2SiC/2Gr hybrid nanocomposite of the present study, due to its superior mechanical properties exhibited a lower wear rate than that of the Al/30SiC/9Gr of Ref. [18] . Figure 7 reveals that the friction coefficient of the hybrid nano-composites is decreased by increasing the Gr content to 5 vol.% and after that, any increase in Gr content leads to its increase. The friction coefficient of Al/2SiC/5Gr hybrid nano-composite is about 40 % of that of Al/2SiC sample. A similar trend for reduced friction coefficient of hybrid composites by increased graphite content has also been reported by other researchers [13, 19, 33, 34] . The friction force in tribosystems usually results from the adhesion between counterparts and plowing work. The increased graphite content enhances the formation of a thicker and more extensive graphite-rich film at the wear surface and thereby decreases the metal to metal contact. Therefore, due to prevention of adhesion between the counterparts, the friction coefficient decreases.
Friction coefficient
The increased friction coefficient of the hybrid nanocomposites containing more than 5 % Gr, as shown in Fig. 7 , can be explained by considering the wear mechanism which has been changed from adhesive wear to mostly delamination wear. As mentioned before, graphite is a soft material which decreases the hardness and mechanical properties of composites [13] , and cannot effectively resist the deformation of matrix during sliding. Consequently, the wear process proceeded by the formation of sub-surface cracks which were initiated from the graphite particles. This effect intensified for increased amount of graphite particles present in the composite. It seems that for Al/2SiC/7Gr nanocomposite, the degradation of the mechanical properties of the composites with graphite outweighed the beneficial effect of reduced friction. A comparison between the friction coefficient values of Al/2SiC/Gr nanocomposites measured in the present study with those of Al/30SiC/Gr composites of Ref. [18] , as shown in Fig. 7 , confirms lower friction coefficient values for hybrid nanocomposites upto 5 % Gr addition. Again these results can be attributed to the superior mechanical properties of the nanocomposites that prevented deep penetration of the pin into the wearing material resulting in lower contact area of two contacting surfaces and reduced friction. In fact, addition of SiC nanoparticles to Al results in improvements in strength and hardness of composites. Thus the real contact area of steel disk and composite pins are decreased and a better support for the lubricating film is also provided.
Worn surfaces and debris
The worn surface of the Al/2SiC nanocomposite sample (Fig. 8a ) exhibits fine grooves with slight plastic deformation at the edges of the grooves. The wear debris of this sample (Fig. 9a) consists of coarse wedge-like debris together with fine irregular shaped powders. Some of the coarse powders are cold welded to each other under the applied pressure during the wear test. Therefore, the wear mechanism of this composite should be a combination of adhesive and abrasive micro-cutting, involving slight plastic deformation. Incorporation of 2 vol.% of Gr particles resulted in the formation of a black film of graphite on the worn surface of Al/2SiC/2Gr hybrid nanocomposite (Fig. 8b) . This lubricating layer prevented direct contact between the pin and the counterface and resulted in reduced wear rate and friction coefficient. It is clear from Fig. 9 that the wear debris was smaller for Al/2SiC/2Gr nanocomposite as compared with Al/2SiC sample. The wear debris generated during the wear test of Al/2SiC/2Gr nanocomposite sample was in the form of small flakes and thin sheets as shown in Fig. 9b . Ravindran et al. [31] also mentioned that graphite dispersed in the aluminum alloy can minimize the mean size of wear particles. The worn surface and wear debris of this composite indicate that abrasive wear and delamination are the major wear mechanisms. The worn surface of Al/2SiC/5Gr sample (Fig. 8c ) exhibits some circular thin sheets separating from each other by cracks but still sticking on the surface. This morphology is a consequence of increasing the amount of Gr content that resulted in increased brittleness of the material, accelerated delaminating wear and increased wear rate (Fig. 6) .
The wear debris of Al/2SiC/5Gr sample as shown in Fig. 9c consists of small sheets that are probably initiated from the brittle larger laminates (as shown in Fig. 8c ) that were crushed by the action of the pin on the wearing surface. The reason for decreased friction coefficient of this sample as compared with that of Al/2SiC/2Gr, as shown in Fig. 7 , is the decreased probability of direct contact between two wearing surfaces resulting in decreased magnitude of local stresses.
According to Fig. 8d , the worn surface of Al/2SiC/7Gr composite sample is covered mostly with thick multilayered sheets of the matrix alloy that presumably contain SiC nanoparticles. One of these sheets that survived from crushing can be observed in the SEM micrograph of wear debris of this sample (Fig. 9d) . These observations are attributed to the significant decrease in the hardness (Fig. 5 ) and fracture toughness of the composite containing a relatively large amount of Gr particles. In addition, in spite of the uniform distribution of graphite particles in Al matrix, there is a high tendency to formation of agglomerates of Al/Gr (with weak bonds) at a very few sites of matrix. This happens largely with higher volume fraction of graphite. These agglomerated particles can enhance subsurface crack propagation. Therefore, large and thick sheets of the material are transferred to the wearing surface causing increased wear rate (Fig. 6) . Also the increased depth of penetration of the pin into the wearing surface effectively increases the friction coefficient (Figs. 6 and 7) . Figure 10 shows the XRD pattern of the wear debris of Al/2SiC/7Gr sample indicating the presence of Al and SiC. The small amount of aluminum carbide (Al 4 C 3 ) detected in this pattern was formed by reaction of aluminum and graphite during processing of the composite and/or wear test. The absence of any characteristic peek of Fe or its compounds in this XRD pattern confirms the negligible wear of the steel disk during the wear test.
Conclusions
The effect of 0 -7 vol.% of micron-sized graphite particle addition on the dry sliding wear properties of Al/2SiC/Gr nanocomposites containing 2 vol.% of nano-sized SiC particles produced via mechanical milling was investigated. The primary conclusions that may be derived from this work are as follows: 1. SEM and TEM studies revealed a uniform distribution of SiC and graphite particles within the matrix of hot extruded samples. 2. The increased Gr content resulted in decreased hardness of Al/2SiC/Gr hybrid nanocomposites for the whole range of Gr particle addition explored. 3. Addition of only 2 vol.% of graphite to the Al/2SiC nanocomposite resulted in decreased wear rate. However, for hybrid nanocomposites with 5 vol.% or more graphite particle addition, the wear rate increased. The minimum friction coefficient was obtained for the Al/ 2SiC/5Gr nanocomposite. 4. SEM micrographs revealed that the wear mechanism was changed from a combination of adhesive and abrasive wear in Al/2SiC nanocomposites to abrasive and delamination wear for Al/2SiC/Gr hybrid nanocomposites. The increased Gr content to 5 or 7 vol.% resulted in accelerated delaminating wear due to increased brittleness of the composites. 5. The superior tribological properties of Al/2SiC/(0 -5)
Gr nanocomposites investigated in the present study as compared to Al/30SiC/(0 -13) Gr composites of another report [18] that contained micron-sized SiC particles, can be attributed to the improved mechanical properties of the nanocomposites due to their nano-structured matrix as well as strong bonding between the reinforcing nano-SiC particles and the matrix alloy.
